2,2 0 0 0 -(Ethane-1,2-diyl)bis[2-(5-bromothiophen-2-yl)-1,3-dioxolane] at 100 K refined using a multipolar atom model Maqsood Ahmed, a Sajida Noureen, b Philippe C. Gros, b Benoit Guillot a and Christian Jelsch a * Comment In the recent past, oligothiophenes and their substituted homologues have attracted the attention of the scientific community as they are a promising class of organic semiconductor materials for applications in the production of organic field-effect transistors and as electronic devices (Roncali, 1992) . These -conjugated materials have found important applications, for example in organic solar cells (Ma et al., 2008; Gao et al., 2008; Cao et al., 2009; Rousseau et al., 2010) and OLEDs (organic light-emitting diodes) (Mazzeo et al., 2003; Li et al., 2005) . Compared to non-organic semiconductors, they offer many advantages such as the fact that their electronic properties, notably the band gap, are tuneable by chemical modification. The title compound, (I), has been used as a precursor for these materials (Kreyes, Amirkhani et al., 2010; Kreyes, Ellinger et al., 2010) . The reactive C-Br bonds allow for further functionalizations and polymer chain extension. Therefore, a detailed knowledge of the structural parameters, stereochemistry, planarity and the mutual arrangement of the molecule is required to understand better the structure-property relationships. In addition, knowledge of the intra-and intermolecular interactions is crucial to rationally carry out chemical substitutions. The structure of (I) was briefly reported previously at 223 (2) K by Ellinger et al. (2007) . The structure has been redetermined at low temperature (100 K), refined using a multipolar atom model and is described here in greater detail.
The commonly used spherical atom approximation (IAM, Independent Atom Model) does not give all the information about the intermolecular interactions and is likely to produce severe systematic errors in the refined atomic parameters (Ruysink & Vos, 1974) . Experimental electron-density analysis is carried out by X-ray diffraction of mono-crystals at ultra high resolution (d min ' 0.5 Å ; Coppens, 1998) . A difficulty in crystallography is the separation of the anisotropic atomic mean-square displacements from the static molecular electron distribution (Hirshfeld, 1976) . Proper experimental deconvolution requires diffraction data measured at ultra high resolution. However, effective thermal displacement deconvolution and meaningful electron-density distributions can be achieved even at lower resolutions by transferring the parameters from an electron-density database (Pichon-Pesme et al., 1995; Jelsch et al., 1998; Dittrich et al., 2004 Dittrich et al., , 2005 Dittrich et al., , 2007 . Transferring electron-density parameters is comparable to constraining the deformation parameters at their most likely values. The transferability of atomic electron densities was tested for the first time by Brock et al. (1991) who applied atomic charge-density parameters from an accurate lowtemperature study of perylene to diffraction data collected at several temperatures on naphthalene and anthracene crystals.
The ELMAM database (Zarychta et al., 2007) has been extended to ELMAM2 (Domagała et al., 2011) from protein atom types to common organic molecules and is based on optimal local coordinate systems (Domagała & Jelsch, 2008 ). An automatic transfer procedure of the ELMAM2 database is now available in the MoPro software (Guillot et al., 2001; Jelsch et al., 2005) . The different atom types in a molecule are recognized according to the nature and number of their neighbours. For most atoms, only the first shell of neighbours is analysed, while for H and O atoms, the second and third shells are investigated, respectively (Domagała & Jelsch, 2008; Domagała et al., 2011) .
Using the transferability principle, a multipolar model is applied for the molecule (I) and only the structural parameters (scale factor, atomic coordinates and displacement parameters) are refined. The Fourier residual maps are improved, notably on the covalent bonds due to the proper electron-density modelling. The r.m.s. residual density is organic compounds reduced from 0.090 (IAM) to 0.075 e Å À3 in the transferred model. In addition to the detailed structural description, the redetermined structure also has significantly better refinement statistics than the previous one. Using an I/(I) > 2 cutoff, the crystallographic wR 2 (F) factors are indeed 4.1 and 2.7% for the IAM and the transferred-multipolar structures, respectively.
There is one half of the molecule in the asymmetric unit and four molecules in the unit cell. The two symmetry-equivalent half molecules are linked by an inversion centre in the middle of the C8-C8 i bond (Fig. 1) .
The molecular assembly is built from five different types of interactions. Dimers of molecules, related by an inversion centre, are formed by two very weak C8-H8BÁ Á ÁO2 hydrogen bonds (Table 1) . There is a short S1Á Á ÁH3 contact of 2.985 Å in a dimer of molecules related by b-axis translation.
Two different neighbouring molecules are in van der Waals interaction with the Br atom. The Br atom makes a contact with O1 of the dioxolane ring of an adjacent molecule at a distance of 3.160 (1) Å , which is shorter than the sum of the two van der Waals radii (3.37 Å ). An even shorter BrÁ Á ÁO contact of 3.0 Å occurs in the structure of protein human aldose reductase complexed with an inhibitor (Muzet et al., 2003) . The C1-Br1Á Á ÁO1 angle of 168.7 (1) (Fig. 2) is almost linear and is consistent with the value found in the review by Auffinger et al. (2004) of halogen-oxygen short interactions in biomolecules. Nyburg & Faerman (1985) revised the van der Waals radii for several atoms bonded to C atoms in molecular crystals; the proposed radius for bromine is 1.84 Å in the equatorial directions and 1.54 Å in the polar direction opposite to the C-Br bond. The direction-dependent effective van der Waals radius is related to the anisotropic electron density of the Br atom. Bromine and more generally halogen atoms (such as I, Cl or F) show a torus of electron accumulation in the equatorial region, while the polar region is electron depleted (Fig. 3 ). Halogen atoms X can therefore form elec- The molecular configuration and atom-numbering scheme for the title compound. Displacement ellipsoids are drawn at the 50% probability level and H atoms are not labelled. [Symmetry code: (i) Àx + 3 2 , Ày + 1 2 , Ày + 1.]
Figure 2
The crystal packing of (I), viewed along the b axis, showing different intermolecular interactions (thin lines). [Symmetry codes: (i) Àx + 3 2 , Ày + 1 2 , Àz + 1; (ii) x, Ày, z + 1 2 ; (iii) Àx + 1, Ày, Àz + 1; (iv) x, Ày + 1, z À 1 2 ; (v) Àx + 3 2 , y + 1 2 , Àz + 1 2 .]
Figure 3
Deformation electron density transferred from the ELMAM2 database (contour: AE0.05 e Å À3 ). In the electronic version of the paper, blue continuous line: positive; red dashed lines: negative; and yellow dashed lines: zero contours.
trostatically favourable interactions with O atoms when the C-XÁ Á ÁO angle is not far from being flat. This characteristic charge-density distribution also has consequences in the stereochemistry of halogen-halogen interactions (Bui et al., 2009 ). In the present structure, the Br atom also makes a weak interaction with H7A of another molecule at a distance of 3.002 Å ; the H7AÁ Á ÁBr1Á Á ÁO1 angle is 57.5 . In addition, two different HÁ Á ÁH interactions are found to contribute to the formation of the crystal packing. H2 makes a contact with H8B of an adjacent molecule at a distance of 2.316 Å (Fig. 2) . H6B makes a comparatively shorter interaction with H6B of a neighbouring molecule at a distance of 2.079 Å through an inversion centre (Fig. 2) . HÁ Á ÁH interactions have been shown to have a stabilizing effect in molecules and crystals (Matta et al., 2003) .
To analyse quantitatively the intermolecular contacts in the title compound, a Hirshfeld surface analysis was performed with CrystalExplorer (Spackman & Jayatilaka, 2009 ). The analysis reveals that HÁ Á ÁH (31.1%) and BrÁ Á ÁH (25.1%) are the most prevalent interactions. The next major crystal packing interactions are SÁ Á ÁH (14.4%), CÁ Á ÁH (12.5%), OÁ Á ÁH (10.3%) and BrÁ Á ÁO (3.8%).
The thiophene and the dioxalane rings are planar and nonplanar, as expected, and the dihedral angle between the thiophene ring plane and the O2-C5-O1 plane in dioxalane is 55.1 . The two dioxolane rings adopt an anti conformation due to the intramolecular inversion centre. Viewed along the c axis, the molecules are stacked over each other and form two different sizes of channel. In the larger channel, two Br atoms of two neighbouring molecules point towards each other at a distance of 4.113 (4) Å .
When interatomic distances are compared between the spherical and the transferred models, most of the covalent bond lengths (between non-H atoms) are comparable within one or two times their standard uncertainties. The C5-O2 bond length shows the largest discrepancy as it decreases from 1.410 (2) to 1.406 (1) Å after transfer and subsequent structure refinement. The same trend is also observed for all other C-O bonds of the dioxolane group. This shortening of oxygen-containing covalent bonds can be explained by the fact that the modelling of oxygen electron lone pairs has an effect on the coordinates of the O atoms. When the spherical atom model (IAM) is used, the O atom is slightly displaced towards the middle of the lone pairs. The transfer procedure, followed by the refinement of the structural parameters, leads to removal of this bias on the O-atom coordinates, thus shortening the covalent bonds in which they are involved. This is confirmed by the values of the equivalent B iso factor of O1 and O2, which also decrease slightly, upon transfer, by about 0.06 Å 2 , which is above the standard uncertainty on B iso parameters ($0.02 Å 2 ). These observations clearly support the transfer of electron-density parameters as it gives a better structural model, unbiased by the nonmodelled deformation electron density.
In the comparison of the two structures, the H-X distances in the multipolar atom model are also elongated to the standard neutron diffraction values (Allen, 1986 ). These structural modifications have repercussions for some of the intermolecular contacts. For instance, the distance between the H6B atoms of two symmetry-related molecules is decreased significantly upon transfer from 2.275 to 2.079 Å .
There are two C8-H8BÁ Á ÁO2 interactions in a dimer of molecules (Table 1) in the crystal structure which can be considered as a very weak hydrogen bond. These values are slightly different (2.67 Å and 142.0 ) in the IAM structure. H8B also forms weak intramolecular contacts with atoms O1 and O2. In the H8BÁ Á ÁO1 interaction, which generates a fiveatom ring, the HÁ Á ÁO distance is 2.69 Å but the C-HÁ Á ÁO angle of 96. 
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The transfer of the multipolar parameters significantly decreases the residual Fourier electron density. The maximum, minimum and r.m.s. values for the spherical atom model are 0.43, À0.68 and 0.090 e Å À3 , respectively. The corresponding values for the transferred-multipolar atom model are decreased to 0.33, À0.40 and 0.075 e Å À3 , respectively (Fig. 4) . The electron-density parameters also allowed calculation of the dipole moment of the molecule (4.80 D; 1 D = 3.33564 Â10 À30 C m). Stevens & Coppens (1976) have introduced a suitability factor S for the multipolar atom model which is based on the observation that the improvement in the refinement statistics is mainly due to a better description of the valence electron density. The suitability factor S of a compound is equal to the following ratio: S = V/(AEn 2 core ) where V is the unit-cell volume and n core is the number of core electrons for the given atom types. The denominator is a measure of the core electron scattering of the unit cell. The suitability factor was calculated to be 0.235 for compound (I). This low value is due to the Br atom in the chemical formula. After the database transfer of compound (I), the difference ÁR(F) between the spherical atom model (0.027) and the transferred model (0.022) is 0.50. As illustrated by Dittrich et al. (2007) , the lower the suitability factor, the lower is the expected ÁR(F).
A rigid bond test analysis shows that the r.m.s. difference of U ij ellipsoids along the covalent bonds shows a slight improvement, with ÁZ = 0.0019 Å 2 for the IAM model and ÁZ = 0.0018 Å 2 for the transferred model. The magnitude of the displacement parameters also generally decreases upon the transfer: U eq (multipolar) % U eq (IAM) Â 0.96.
Experimental
For the synthesis of the title compound, the same procedure as that reported by Ellinger et al. (2007) was adopted, in toluene solvent (see Scheme in Comment). 1,4-Bis(5-bromothiophen-2-yl)butane-1,4dione (1.0 g, 2.5 mmol) was dissolved in hot toluene (50 ml). After complete dissolution of the diketone, p-toluenesulfonic acid (p-TosH; 200 mg, 1.1 mmol) and ethylene glycol (10 ml, 179.3 mmol) were added. The mixture was then stirred and heated at 388 K for 48 h using a Dean-Stark trap. After cooling, saturated aqueous NaHCO 3 was added. The organic phase was separated and the aqueous phase was extracted with toluene three times. The combined organic phases were dried over anhydrous MgSO 4 , filtered, evaporated to dryness and purified by fractional recrystallization using cyclohexane to give the title product (yield 48%). Crystals used for analysis were grown by slow evaporation from a chloroform solution at room temperature. The space group was found to be C2/c and the reflections, including Friedel pairs, were merged with SORTAV (Blessing, 1987) before final refinement. Scale factors, atomic positions and displacement parameters were refined using MoPro software (Jelsch et al., 2005) until convergence. The least-squares refinement was based on |F| 2 .
Initially, a conventional spherical atom model was applied. Electron-density parameters were then transferred from the ELMAM2 library (Domagała et al., 2011) for all the atoms, except C5, and were subsequently kept fixed. The C5 chemical atom type was not available in the ELMAM2 library and was modelled as atom C444 (c1-oCo-c2) in the UBDB theoretical database (Volkov et al., 2004 Dominiak et al., 2007) . With the electron-density library transfer, the same structural parameters were refined but a multipolar charged atom model was applied. The molecule was set electrically neutral after library transfer. A view of the transferred deformation electron density is shown in Fig. 3 .
The H-X distances were constrained to the standard values in the neutron diffraction studies (Allen, 1986 ): 1.092 Å for CH 2 and 1.083 Å for aromatic C-H groups. Riding constraints on H-atom isotropic displacement parameters were applied: U iso (H) = 1.2U eq (X), where X is the neighbouring C atom. The refinements were carried out using all reflections. The ELMAM2 refinement shows a slight improvement in the statistical indexes when compared to the spherical atom refinement. With a I/ I > 2 cutoff, the crystallographic factors are reduced from 0.0269 to 0.0212 for R(F), and from 0.0409 to 0.0270 for wR 2 (F).
Data collection: COLLECT (Nonius, 2000) ; cell refinement: SCALEPACK (Otwinowski & Minor, 1997) ; data reduction: DENZO (Otwinowski & Minor, 1997) ; program(s) used to solve structure: SIR92 (Altomare et al., 1993) ; program(s) used to refine structure: MoPro (Jelsch et al., 2005) ; molecular graphics: Mercury (Version 2.3; Macrae et al., 2006) and ORTEP-32 (Farrugia, 1997) ; software used to prepare material for publication: pubCIF (Westrip, 2010) .
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D-HÁ Á ÁA
D -H HÁ Á ÁA D Á Á ÁA D -HÁ Á ÁA C8-H8BÁ Á ÁO2 i 1.09 2.57 3.484 (1) 141
Symmetry code: (i) Àx þ 3 2 ; Ày À 1 2 ; Àz þ 1.
